This study aimed to uncover the molecular mechanisms underlying mild and severe pneumonia by use of mRNA sequencing (RNA-seq).
Background
Pneumonia, especially community-acquired pneumonia (CAP), is the leading reason for adult hospitalization in low-and middle-income countries [1] ; Streptococcus pneumoniae (pneumococcus) is believed to be the main cause [2] . According to Said et al., the actual burden of bacteremic pneumococcal pneumonia in adults is significantly underestimated [3] .
Expression profiling under different physiological conditions has been employed to investigate the molecular mechanisms underlying various diseases [4, 5] and to provide potential biomarkers for targeted therapy [6, 7] . Microarrays and RNA sequencing (RNA-seq) are both available for genomic profiling. Notably, RNA-seq allows the detection of new transcripts [8] . Additionally, RNA-seq avoids the introduction of related biases during hybridization of microarrays. Thus, we used this technique to detect gene expression profiles associated with mild and severe pneumonia in order to deepen our insights into the molecular mechanisms underlying these 2 diseases.
Material and Methods

Patient enrollment and sampling
This study was approved by the Medical Ethics Committee of the General Hospital of the People's Liberation Army (301 Hospital). From June 2013 to December 2013, 18 adult patients with pneumonia were included in this study, including 9 cases with mild pneumonia and 9 cases with severe pneumonia. In addition, 9 healthy adult volunteers were recruited as normal controls. Patients meeting any of the following symptoms were considered to have severe pneumonia: (1) disturbance of consciousness; (2) respiratory rate ³30 times/min, (3) PaO 2 <60 mm Hg, PaO 2 /FiO 2 <300, requiring mechanical ventilation; (4) systolic blood pressure <90 mm Hg; (5) concurrent septic shock; (6) X-ray showing bilateral or multi-lobe involvement, or pulmonary involvement expanding ³50% within 48 h after hospitalized; and (7) oliguria (urine volume <20 ml/h, or <80 ml/4 h, or concurrent acute renal failure and requiring dialysis.
Peripheral blood samples were collected from each patient and volunteer. Blood samples from 3 randomly selected patients were mixed at 1: 1: 1 as a final sequencing sample. Thus, there were 3 samples for severe pneumonia patients (numbered WLL1, WLL2, WLL3), 3 samples for patients with mild pneumonia (WLL4, WLL5, WLL6), and 3 for normal controls (WLL7, WLL8, WLL9). Written informed consent was provided by each patient and volunteer before sampling.
Total RNA extraction, library construction, and sequencing Total RNA was extracted from the plasma of these 9 samples using the miRNeasy Serum/Plasma Kit (QIAGEN, Hilden, Germany). Then, rRNA was removed using Epicenter RiboZeroTM kit (Illumina Inc., San Diego, CA) and the remaining RNA (polyA + , polyA -) was recovered and purified. Afterwards, the purified RNA was broken into short segments using random fragmentation reagent (Fragmentation Buffer). Next, reverse transcription was performed to construct a cDNA library. RNA concentration was measured with a Qubit ® 2.0 Fluorometer and the RNA integrity number (RIN) was measured by use of Bioanalyzer 2100 (Agilent, CA, USA). Sequencing was performed on the HiSeq4000 platform to generate paired-end reads (150 bp in length).
Sequence quality control and alignment
First, reads were filtered by removing the bases with continuous quality value <10 at both ends, and reads including less than 80% bases with quality value >Q20, and reads shorter than 50 nt, as well as rRNA sequences. Sequence quality control was done with the Fastx toolkit. Next, clean reads were mapped to the human reference genome hg19 using TopHat 2.1.1 software (download site: http://ccb.jhu.edu/software/ tophat/index.shtml).
Identification of differentially expressed genes correlated with mild and severe pneumonia Gene differential expression analysis was performed between the normal control and the mild or severe group using the edgeR package of R (version 3.1.0) [9] . | logFC | >1 and p<0.05 were used as cutoffs for a differentially expressed gene (DEG). Volcanic plots were used to visualize gene expression differences, and a heat map was also drawn to display the gene expression profile of differentially expressed genes based on the hierarchical clustering results using Euclidean distance [10] with the pheatmap package of R [11] .
The correlation coefficient of any 2 genes based on their gene expression values in each group was calculated, and only gene pairs with absolute correlation coefficients >0.9 were retained. A heat map was used to visualize the expression correlation matrix.
Prediction of transcription factors and construction of transcription factor-gene network
Transcriptional regulators are responsible for the transcriptional regulation of gene expression [12] . To find the key transcriptional regulators of the DEGs we identified above, we searched the TRED database (Transcriptional Regulation Element Database, http://rulai.cshl.edu/TRED), which includes both cis-and transregulatory elements and provides both promoter sequences and transcription factor binding information [13] . Only experimentally validated data were used in our study. Next, a transcription factor-gene network containing transcription factors and their target genes was constructed, which was further visualized using software Cytoscape2.8.0 [14] .
Functional annotation of genes in the transcription factorgene network Genes in the transcription factor-gene network were mapped to the GO functional nodes, and the biological process (BP) terms enriched by these genes were predicted using GOstat (P value <0.05 as cutoff) [15] .
Screening of small-molecule drugs
DEGs in the transcription factor-gene network were also mapped to the Connectivity map (Cmap) to search for smallmolecule drugs [16, 17] . Only drugs with | score | >0.8 were retained.
Results
Quality control of reads and statistics
A total of 346G data were generated from the 9 samples. After quality control, all the clean reads had one end containing >99.97% Q20 bases and the other end >96.38% Q20 bases ( Table 1 ). The proportion of clean reads from the 2 ends was larger than 95% and 75%.
With reference to the human reference genome hg19, more than 70% clean reads were aligned in each sample, each with coverage rate of >70%, mostly above 80%, and sequencing depth of >3.4, mostly 4-5.5 ( Table 2) .
DEGs associated with mild and severe pneumonia and screening of co-expressed genes A total of 199 and 560 DEGs were identified from the mild group and severe group, respectively (Figure 1) . Overall, the identified DEGs could distinguish the pneumonia samples from the control sample ( Figure 2 ). The correlation coefficient of any 2 DEGs based on their gene expression values was calculated in each group, and a 199×199 matrix and a 560×560 correlation coefficient matrix were obtained, respectively, as shown in Figure 3 . Using a cutoff of 0.9, 1128 gene pairs and 1170 gene pairs were retained in the mild group and severe group, respectively.
Construction of transcription factor-gene network
A total of 36 and 93 of transcription factor-gene pairs were obtained, respectively. Taking into account the co-expressed gene pairs identified above, a transcription factor-gene network consisting of 215 nodes and another network consisting of 451 nodes were constructed in the mild group and severe group, respectively ( Figure 4 ). In the former, S100A9 (24), S100A8 (20) , S100A12 (20) , DAZ1 (24), DAZ4 (23) , and DAZ3 (18) were found to be co-expressed with more DEG-encoded proteins; in the latter network, PSMA1 (8), CCL5 (6), and CXCL11 (2) were co-expressed with more proteins.
We further compared the DEGs in the transcription factor-gene network between the mild group and severe group and found 54 common genes that showed consistent differential expression changes in the 2 groups (Table 3 ).
GO functional annotation of genes in the transcription factor-gene network
The genes in the transcription factor-gene network for the mild group were mainly enriched in 13 biological process terms, especially defense and inflammatory response (e.g., CXCL1, CD36, S100A8, S100A9, ANXA1, LYZ, VSIG4, S100A12) and spermatogenesis (e.g., DAZ3, DAZ4, DAZ1, BPY2C, CDY1B, DNAJA1, BRCA2, BPY2, CDY2A, CDY1) (Table 4A ). In contrast, the top BP (Table 4B) .
Prediction of relevant small-molecule drugs
Using | score | >0.8 as cutoff, 9 small-molecule drugs were found to be negatively correlated with DEGs in the mild group, of which mevalolactone had the maximum correlation coefficient, and 3 were found in the severe group, of which alsterpaullone had the maximum correlation coefficient (Table 5) .
Discussion
Based on the transcriptome data from RNA-seq, we first identified DEGs associated with mild and severe pneumonia, and also the co-expressed ones in each group, and then constructed a transcription factor-gene network based on the predicted transcription factors. Furthermore, we tried to uncover which biological pathways the DEGs in the network are involved. Finally, we predicted 2 potential small-molecule drugs for the treatment of mild pneumonia and severe pneumonia. Table 3 continued. The common differentially expressed genes shared by mild pneumonia and severe pneumonia. The transcription factor-gene network for the mild group and that for the severe group consisted of 215 and 451 nodes, respectively, which shared 54 common DEGs (e.g., BRCA1, BRCA2, CDY1B, CDY2A, S100A12, S100A9) with consistent differential expression change in the 2 groups, indicating the similarity in molecular mechanisms between mild pneumonia and severe pneumonia.
GO functional annotation revealed that genes involved in defense and inflammatory responses and spermatogenesis may have important roles in the pathogenesis of mild pneumonia. Among them, 3 S100 gene family members (S100A8, S100A9, and S100A12) showed upregulated expression in patients with mild pneumonia (the latter 2 were also upregulated in severe pneumonia), suggesting minor difference in the roles of this family between different pneumonia types. The proteins encoded by this gene family are also known as migration inhibitory-related proteins (MRP), which are mainly expressed in granulocytes, macrophages, activated endothelial cells, and epithelial cells. S100A8 and S100A9 in the form of heteromeric dimer calprotectin (S100A8/A9) can chelate Zn + to inhibit the growth of a wide variety of microorganisms [18] [19] [20] . Raquil et al. reported high expression of S100A8 and S100A9 proteins in the alveolar walls of lungs of mice infected with S. pneumoniae, and confirmed that both proteins have an important role in leukocyte migration, strongly suggesting their involvement in the transepithelial migration of macrophages and neutrophils [21] . S100A12 can activate the receptor for advanced glycation end-products (RAGE), which is expressed ubiquitously in the lungs, mainly on endothelial and respiratory epithelial cells [22] , and activation of RAGE triggers NF-kB signaling pathway [23, 24] , resulting in the transcription of proinflammatory factors. Elevated S100A12 level has been detected in patients with bacterial pneumonia [25] , in patients with sepsis due to pneumonia [26] , and in patients with acute respiratory distress syndrome [23] . Taken together, these 3 S100 gene family members have critical roles in the pathogenesis of pneumonia, although they may function in pneumonia of varying severity.
Raquil et al. also observed an opposite trend in the expression of S100A8 and S100A9 and CXCL1, a member of the CXC (C-X-C motif) chemokine family [27] . In the present study we also found CXCL1 expression was downregulated. According to the functional annotation, CXCL1 may play a role in mild pneumonia via BP terms in response to wounding, defense response, Table 5 . Small-molecule drugs were found negatively correlated with differentially expressed genes with coefficient <-0.8.
inflammatory response, and cytoskeleton organization. Despite these findings, the role of CXCL1 needs to be further investigated.
Interestingly, the expression of CXCL11, another CXC chemokine family member, was overexpressed in patients with severe pneumonia in the present study. McAllister et al. found that CXCL11 were undetectable at day 0 but was detectable at days 7 and 14 after Pneumocystis infection in mice with pneumonia caused by this strain [28] , showing that the expression of this chemokine may be related to pneumonia severity. However, we found another C-C chemokine, CCL5 [29] , showing a downregulated expression in severe pneumonia.
Palaniappan et al. reported that CCL5 is an essential factor for the induction and maintenance of protective pneumococcal immunity [30] . Singh et al. further pointed out that CCL5 blockade altered humoral and cellular pneumococcal immunity via modulating PspA (Pneumococcal surface protein A)-specific T helper cells during S. pneumonia-induced carriage [31] . According to functional annotation, CCL5 was thought to contribute to the pathogenesis of severe pneumonia via response to oxidative stress, positive regulation of cell differentiation, response to bacterium, locomotory behavior, response to wounding, and defense response. In addition, genes involved in the regulation of cellular protein metabolic process and positive regulation of 1672 Finally, we predicated that mevalolactone and alsterpaullone may be used as potential drugs for the treatment of mild pneumonia and severe pneumonia, respectively. In fact, alsterpaullone, which is a GSK3 (glycogen synthase kinase-3) inhibitor, can inhibit the replication of influenza virus [29] , and it has been used for the prevention and treatment of pneumonia caused by influenza virus [30] , further validating the credibility of our prediction. Thus, the use of mevalolactone in the therapy of mild pneumonia may be feasible, although there is no report on the role of mevalolactone in pneumonia treatment (mevalolactone is the precursor of in vivo synthesis of terpene compounds and steroids [31] ). However, this needs more clinical evidence.
Conclusions
By use of RNA-seq, we found some genes may contribute to the pathogenesis of both pneumonias (e.g., S100A9 and S100A12) and some may have more important roles in the pathogenesis of mild pneumonia (e.g., S100A9 and CXCL1) or severe pneumonia (e.g., CCL5 and CXCL11). Additionally, we predicated 2 small-molecule drugs, mevalolactone and alsterpaullone, that may have potential for the treatment of mild pneumonia and severe pneumonia, respectively. However, since most of our findings were drawn by bioinformatics analyses, more evidence is needed.
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